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We show that density spikes begin to form from dark matter particles around primordial black
holes immediately after their formation at the radiation-dominated cosmological stage. This follows
from the fact that in the thermal velocity distribution of particles there are particles with low
velocities that remain in finite orbits around black holes and are not involved in the cosmological
expansion. The accumulation of such particles near black holes gives rise to density spikes. These
spikes are considerably denser than those that are formed later by the mechanism of secondary
accretion. The density spikes must be bright gamma-ray sources. Comparison of the calculated
signal from particle annihilation with the Fermi-LAT data constrains the present-day cosmological
density parameter for primordial black holes with masses MBH ≥ 10
−8M⊙ from above by values
from ΩBH ≤ 1 to ΩBH ≤ 10
−8, depending onMBH. These constraints are several orders of magnitude
more stringent than other known constraints.
1. INTRODUCTION
Primordial black holes (PBHs), the possibility of whose
formation was predicted in [1] and [2], can give valu-
able information about processes in the early Universe
[3–5], in particular, about the shape of the perturba-
tion spectrum on small scales [6]. The quantum evapora-
tion of low-mass PBHs is important from the viewpoint
of investigating fundamental processes at high energies
[7] and can have significance for the theory of primor-
dial nucleosynthesis and gamma-ray astronomy. In addi-
tion, PBHs can offer new possibilities for the formation
of quasars at high z [8] and for baryonic objects with
chemical peculiarities[9, 10]. Being captured by neutron
stars, PBHs can affect their evolution, which gives a con-
straint on the number of PBHs [11]. In this paper, we
will discuss only the PBHs that are formed during the
collapses of adiabatic density perturbations, when a mix-
ture of relativistic particles collapses into a PBH at the
instant the perturbation crosses the cosmological horizon
[12]. Note, however, that other PBH formation models
have also been proposed at early dust-like stages [13, 14]
or through the collapses of domain walls [15], [16, 17].
PBHs can themselves represent dark matter (DM) [18]
if they are formed in sufficiently large quantities, but they
can also serve as seeds for the formation of DM clumps
[19–24]. Secondary accretion (generally, this mechanism
was developed in cold DM onto a PBH [25], when DM
flows toward the PBH and is virialized at some radius
to form a halo, is usually considered in investigating DM
clumps around PBHs. In this paper, we will show that
the DM density around PBHs can reach much greater
values than that under secondary accretion. This stems
from the fact that in the thermal velocity distribution
there are DM particles with low velocities that remain
in finite orbits around PBHs and are not involved in
∗
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the overall cosmological expansion. The accumulation of
such particles around PBHs gives rise to density spikes
(halos).
Two regimes of density spike formation around PBHs
are possible at the radiation-dominated stage. In the first
case, which occurs for PBHs with masses MBH ≤ 40M⊙,
PBHs are formed before the kinetic decoupling of DM
particles (under the assumption that the DM particles
are neutralinos with masses m ∼ 70 GeV). In the inter-
val between the PBH formation and kinetic decoupling, a
DM overdensity has time to be formed around the PBH.
As will be shown below, the exact form of this initial
density distribution does not play a big role, while the
separation of DM particles immediately after their ki-
netic decoupling is important. After their kinetic decou-
pling, the DM particles begin to fly apart in the PBH
gravitational field, having some velocity distribution (a
deformed Maxwell distribution). Some of the particles
with low velocities remain gravitationally bound to the
PBH, forming subsequently a density spike around it.
In the second case, if MBH > 40M⊙, such a PBH is
formed already after the kinetic decoupling of DM parti-
cles, and there is no initial overdensity of radiation and
DM around the PBH. In this case, the DM particles with
low velocities also remain in finite orbits around the PBH,
producing a density spike. Thus, DM density spikes are
formed around PBHs at the radiation-dominated stage.
After the onset of the matter-dominated stage in the Uni-
verse, the DM mass around PBHs begins to grow during
the secondary accretion, and a universal density profile
ρ ∝ r−9/4 is formed.
The DM density in the central regions of the spikes
is so large that by now the DM particles have managed
to annihilate (under the assumption that standard neu-
tralinos constitute the DM) at distances that exceed the
gravitational PBH radii by several orders of magnitude.
For this reason, to calculate the present-day density pro-
file around PBHs, it will be sufficient for us to consider
the phenomena at great distances from the PBHs, where
Newtonian gravitational dynamics is a good approxima-
2tion and the general relativity effects are unimportant.
The DM remaining at great distances continues to annihi-
late at present, producing signals in gamma-ray emission.
Comparison of the calculated signals with the Fermi-LAT
data allows the number of PBHs to be constrained.
The annihilation of DM particles in clumps around
PBHs has already been considered in [23, 24, 26], where
constraints on the cosmological PBH density parameter
were obtained. Calculations [23] and [24] assumed the
density profile in the central region of a clump to be
close to ρ ∝ r−3/2, while [26] considered power-law pro-
files ρ ∝ r−α with α = 1.5− 3. The annihilation of DM
in density cusps around black holes was considered in
[27], [28], [29], and new gamma-ray constraints were ob-
tained. The goal of this paper is to calculate the density
profile in the central region of DM clumps around PBHs
by taking into account the initial thermal velocity dis-
tribution of DM particles after their kinetic decoupling.
We will show that the density profile has a more complex
form than ρ ∝ r−α. Knowledge of the density profile al-
lows one to calculate the signals from DM annihilation
around PBHs more reliably and to obtain constraints on
the number of PBHs in the Universe.
2. EVOLUTION OF THE DENSITY AROUND
PBHS BEFORE KINETIC DECOUPLING
Consider the PBH formation at the radiation-
dominated cosmological stage [12], when the equation of
state for the matter in the Universe is p = ρc2/3. A
thermalized mixture of photons and ultrarelativistic par-
ticles called radiation for short collapses into a PBH. If
nonrelativistic DM particles are already present at this
time in the Universe, then they move in the overall grav-
itational potential and, in addition, can interact with ra-
diation. As an example, consider DM particles in the
form of neutralinos with masses m ≃ 70 GeV. At early
times, when the temperature was high, T ≥ 0.05mc2,
neutralinos were in chemical equilibrium with radiation,
i.e., the production of neutralinos and their pair annihi-
lation were equiprobable. As the Universe cooled down,
neutralinos dropped out of chemical equilibrium with ra-
diation but still continued to efficiently interact with it
through scatterings. The neutralino gas temperature was
maintained at the radiation temperature level, and neu-
tralinos could be entrained by radiation flows, for exam-
ple, by the flow toward an accreting PBH. Finally, on
further cooling of the radiation to some temperature Td,
whose value depends on the character of elementary in-
teractions, the kinetic decoupling of DM particles from
the radiation occurs at the time td, and the DM parti-
cles subsequently move freely only under the influence of
gravitational forces. We will find the fraction of the DM
particles that remain gravitationally bound to the PBH
(have finite orbits) as they fly apart in the next section,
while first it is necessary to discuss the initial DM density
profile around the PBH before kinetic decoupling.
The mechanism for the formation of a DM density
spike depends on the relation between the formation time
of the PBH determined by its mass and the time td de-
pendent on the character of interaction between DM par-
ticles and radiation. The PBH in some perturbed region
is formed at the instant tH this region crosses the cosmo-
logical horizon, which depends on the total mass MH of
the matter inside this region:
tH ≃ GMH
c3
= 2.6× 10−13
(
MBH
10−8M⊙
)
s. (1)
We take into account the fact that the mass MBH of the
forming PBH in the model of [12] is MBH = MH/3
3/2.
The age of the Universe is related to the radiation tem-
perature as
t =
2.4√
g∗
(
T
1 MeV
)−2
s, (2)
where g∗ is the number of degrees of freedom; therefore,
the dependence of MBH on T at tH is
MBH ≃ 40
(g∗
10
)−1/2 ( T
27 MeV
)−2
M⊙. (3)
The normalization factor in (3) is chosen to correspond to
the temperature of the kinetic decoupling of neutralinos
with masses m ≃ 70 GeV [30]
Td ≃ 27
( m
70 GeV
)1/4( M˜
0.2 TeV
)( g∗
10
)1/8
MeV, (4)
which occurs at a time
td ≃ 10−3
( m
70 GeV
)−1/2( M˜
0.2 TeV
)−2 ( g∗
10
)−3/4
s,
(5)
where M˜ is the supersymmetry parameter [30]. Thus, the
mass of ∼ 40M⊙ given by Eq. (3) is a boundary value. If
MBH < 40M⊙, then the kinetic decoupling of neutralinos
occurs already after the PBH formation, while the radia-
tion flow accreted onto the PBH entrained DM particles
from the PBH formation time to td. If MBH > 40M⊙,
then the neutralinos at the PBH formation time were free
and moved independently from the radiation. The radi-
ation could outflow from some region of space, while the
DM remained in this region.
Consider the case of MBH < 40M⊙. We can single
out the near zone bounded by the radius of influence of
the PBH rinfl(t) in which the PBH mass is equal to the
radiation massMBH = (4π/3)ρ∞(t)r
3
infl, where ρ∞(t) =
3/(32πGt2). Hence
rinfl(t) = (8GMBHt
2)1/3. (6)
In dimensionless units,
ξ =
rinfl
rg
=
c2t2/3
G2/3M
2/3
BH
=
= 7.4× 106
(
MBH
10−8M⊙
)−2/3(
t
10−3 s
)2/3
, (7)
3where rg = 2GMBH/c
2 is the gravitational PBH radius.
We see that the PBH influence becomes relatively strong
at low masses MBH and long times t. The DM mass
within the radius of influence is
MDM(t) ≃MBH
(
t
teq
)1/2
= 2×10−8MBH
(
t
10−3 s
)1/2
,
(8)
where teq ≈ 2.4×1012 s is the transition time of the Uni-
verse from the radiation-dominated cosmological stage to
the dust-like stage. In the region of influence the particles
move in the PBH gravitational field, while outside the
region of influence the cosmological expansion continues,
though, of course, this separation is approximate and, in
reality, there is a transition region. Note that the radius
of the cosmological horizon at the radiation-dominated
stage rH = 2ct is close to the radius of influence rinfl
only near the PBH formation time, while later rH = 2ct
expands faster than rinfl. Therefore, all of the processes
we consider occur on scales much smaller than the size
of the cosmological horizon.
The density distribution around a PBH could be accu-
rately calculated through numerical hydrodynamic simu-
lations similar to the simulations of PBH formation [31–
34]. However, if the phenomena are considered not in the
immediate vicinity of the PBH formation time but some
time after, when the wave processes will damp out, then
the approximation of quasi-stationary accretion can be
used [35, 36]. Before the recombination epoch, photons
are often scattered by baryons and are thermalized. This
leads to two effects. First, a bulk flow velocity toward
the PBH appears in such a continuous medium, though
individual photons are not captured by the PBH. Second,
although the expansion in the near zone is not the Fried-
mann one, partial density equalization near the PBH and
at great distances occurs due to the existence of a high
pressure. The radiation density near the PBH is largely
determined by the density at great distances, while the
local density growth near the PBH driven by its grav-
ity is smoothed out strongly. Equalization must occur at
distances from the PBH smaller than the sound horizon
r ≪ rs = 2ct/
√
3, which is close in order of magnitude
to the cosmological horizon. At these distances, the ap-
proximation of quasi-stationary accretion [35, 36] can be
used for estimates.
According to [36], the distribution of an accreting fluid
with the equation of state p = ρc2/3 is
ρ = ρ∞(t)
[
z +
1
3(1− 1/ξ)
]2
, (9)
where ξ = r/rg,
z =
{
2
√
a
3
cos
(
2pi
3
− ω
3
)
, 1 ≤ ξ ≤ 3/2,
2
√
a
3
cos
(
ω
3
)
, ξ > 3/2,
(10)
ω = arccos
[
b
2 (a/3)3/2
]
, (11)
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Figure 1. Density of a gas with the equation of state p =
ρc2/3 near a black hole versus radial variable ξ = r/rg in the
approximation of quasi-stationary accretion.
a =
1
3
(
1− 1ξ
)2 , b = 2
27
(
1− 1ξ
)3 − 27
4
(
1− 1ξ
)
ξ4
. (12)
The function (9) is shown in Fig. 1.
The formalism developed by [36] allows the velocity in
the flow u ≡ dr/ds to be found:
4uξ2
(
ρ
ρ∞
)3/4
= −A, (13)
where A = 2 × 33/2. At great distances ξ ≫ 3, the solu-
tion (9) has asymptotics ρ ≃ ρ∞(t)/(1 − 1/ξ)2, i.e., the
density differs little from the mean cosmological density.
In this case, according to (13), the hydrodynamic flow
velocity v ∼ c/ξ2. This quantity is much smaller than
the DM particle velocities that we will consider below.
Thus, in the Newtonian region r ≥ 10rg before the ki-
netic decoupling of DM particles, the density growth and
the velocity anisotropy may be neglected. In contrast, in
the case of MBH > 40M⊙, the PBH is formed already af-
ter kinetic decoupling, and the DM density distribution
is not related to the radiation density growth around the
PBH even in the near zone.
Consider the diffusive outflow of photons from a region
of enhanced density, the Silk effect (see, e.g., [37]), which
leads to an additional smoothing of the radiation and DM
mass excess around the PBH before kinetic decoupling.
The photon mean free path islre = 1/(neσT), where σT
is the Thomson cross section, and the electron number
density in the cosmic plasma is
ne ≃ ρeqΩb
mp
t
3/2
eq
t3/2
, (14)
Ωb ≈ 0.045. The Silk length λS ≃ (lrerH)1/2 in dimen-
sionless units is
λS
rg
= 1.5× 105
(
t
10−3 s
)3/4(
MBH
10−8M⊙
)−1
, (15)
4i.e., the Silk effect can smooth out and reduce the radi-
ation density in the central region of a future DM halo.
This smoothing region has a size that is smaller than the
total halo size by several orders of magnitude.
3. STREAMING OF DARK MATTER
PARTICLES AFTER KINETIC DECOUPLING
Let us now consider the DM density growth around a
PBH after the time of kinetic decoupling td, when the
DM particles become free. The velocity distribution of
DM particles far from the PBH is
f(~v)d3v =
m3/2
(2πkT )3/2
e−
mv
2
2kT d3v, (16)
where
T (t) = Td
td
t
at t > td (17)
in view of the decrease in the momentum of free parti-
cles p ∝ 1/a(t). Near the PBH at distancesr ≤ 10rg, the
distribution of particles differs noticeably from (16) due
to the increase in radiation density compared to the ho-
mogeneous cosmological background and because of the
existence of a bulk flow velocity toward the PBH. How-
ever, we restrict our analysis to the regions withr ≥ 10rg
in which, as was shown in Section 2, these corrections
are insignificant. Therefore, we will use (16) in our sub-
sequent calculations.
Let the PBH under consideration be at the coordinate
origin. Denote the initial distance of some DM particle
from the center by ri and its initial velocity by ~vi. The
particle energy is then E = mv2i /2+U(ri), where U(r) =
−GmMBH/r. If the particle has an angular momentum
l = mrivi sin θi (see Fig. 2), then the eccentricity of its
orbit is [38]
e =
√
1 +
2El2
G2M2BHm
3
. (18)
Let us consider some point B in Fig. 2 at distance r from
the center and find the conditions that some particle from
the initial distribution (16) will be in a finite orbit around
the PBH after kinetic decoupling and will contribute to
the DM density at point B. The first condition E < 0
means that the initial velocity is less than the escape
velocity,
vi <
(
2GMBH
ri
)1/2
. (19)
The second condition implies that the distance r lies be-
tween te minimum and maximum particle distances from
the center,
rmin = a(1− e) ≤ r ≤ rmax = a(1 + e), (20)
dr
dr
vi
Θi
A
B
ri
Figure 2. An example of a particle orbit around a PBH pass-
ing through point B. The contribution of all such orbits to
the DM density at point B at distance r from the center is
calculated. The vector ri indicates the initial position of the
particle at the instant it was within the radius of influence of
the black hole, while vi indicates the particle velocity at this
instant.
where the semimajor axis of the orbit is (Landau and
Lifshitz 1988)
a =
GmMBH
2|E| . (21)
The double condition (20) after transformations takes the
form √
1 +
2El2
G2M2BHm
3
≥
∣∣∣∣1 + 2ErGMBHm
∣∣∣∣ . (22)
Let us introduce the notation
x =
r
ri
, γ =
GMBH
riv2i
, (23)
(22) will then be written as
cos2 θi ≥ cos2 θm = 2x(x − 1)γ + 1− x2. (24)
The particle in its orbital motion traverses the segment
of radial distances from r to r + dr (see Fig. 2) twice in
the orbital period
Torb =
πGMBHm
3/2
21/2|E|3/2 , (25)
5Therefore, the particle spends the fraction 2dt/Torb of its
time at distances from r to r + dr, where dt is the time
it takes for the particle to be displaced from r to r + dr.
Given the initial DM density ρi(ri), the final density ρ(r)
can be written as the relation
ρ(r)4πr2dr =
∫
4πr2i driρi(ri)
∫
d3vf(v)
2(dt/dr)
Torb
dr,
(26)
where the derivative dt/dr is found from the equation of
motion for a particle in an orbit (Landau and Lifshitz
1988),
dt
dr
=
1√
2m[E − U(r)] − l2/r2 , (27)
while, according to the results of Section 2, we assume
the initial density ρi(ri) at distances r ≥ 10rg to be ap-
proximately uniform and equal to the cosmological DM-
density:
ρi(ri) ≃ ρd t
3/2
d
t3/2
, (28)
where
ρd ≃ Ωmρeq
(
teq
td
)3/2
≃ 4.7× 103 g cm−3 (29)
and Ωm ≃ 0.27. The collisionless system under consid-
eration is described by the Liouville equation, and the
method being applied in this paper is equivalent to an
approximate solution of this equation. Indeed, Eq. (26)
expresses the density conservation law in phase space in-
tegrated over the momenta by taking into account the
volume transformation in momentum space, which fol-
lows from the Liouville equation.
When integrating in (26) over ri, we should separately
consider the regions with ri ≤ rinfl(td) and ri > rinfl(td),
where the radius of influence is given by Eq. (6). The
first region at the time td is entirely in the region of PBH
influence, and the particles in this region have a com-
mon velocity distribution (16) with T = Td and a com-
mon density ρi(ri) ≃ ρd. In contrast, at ri > rinfl(td),
the region of influence gradually expands. For each ra-
dius ri, the temperature T and density ρi are found from
Eqs. (17) and (28), respectively, in which t is specified
by the equation rinfl(t) = ri. It should be noted that the
kinetic decoupling of DM particles occurs not instanta-
neously, and the scatterings of particles during the tran-
sition period can slightly change the final density of the
captured DM particles.
Inequalities (19) and (24) separate out the region in
parameter space over which the integration in (26) is
performed. It is convenient to divide this integral into
two parts with x < 1 and x ≥ 1. The internal inte-
gration over the velocity directions, i.e., over the angles
cos θi, is done analytically, while the remaining double
integrals over the initial radii ri and the absolute values
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Figure 3. DM density around a PBH versus radius r for the
following PBH masses (from left to right): MBH = 10
−18,
10−12, 10−8, 10−2, and 10M⊙.
of the initial velocities vi are found by numerical meth-
ods. The maximum possible radii ri are assumed to be
equal to the radius of influence given by (7) at the time
t = teq. At t = teq, a DM mass equal to the PBH mass
is inside the region of PBH influence, and a DM halo is
subsequently formed around the PBH by the mechanism
of secondary accretion, when the PBH no longer deter-
mines the entire gravitational field but serves only as a
small perturbation.
The results of our numerical calculations for various
PBH masses are shown in Fig. 3. The numerical algo-
rithm constructed in this paper gives an acceptable accu-
racy only in the range of masses MBH ∼ (10−18− 1)M⊙.
The resulting density at small distances from the PBH
exceeds ρd. This means that particles with low angular
momenta are in eccentric orbits approaching the PBH
at small radii. A universal behavior of the density at
small radii, where there are segments with a density pro-
file close to the power-law one r−1, is also seen in Fig. 3
at MBH ≤ 10−2M⊙, but at large r the profile experi-
ences a break due to the change of the regime of DM
halo formation. The radii in Fig. 3 are shown formally
starting from r = 3rg. Strictly speaking, our calculations
performed within the framework of Newtonian dynamics
are applicable only at r ≥ 10rg. Therefore, the density at
smaller radii must be considered as an estimate. In the
next section, we will show that the density in the central
region of the halo plays no role, because the DM in the
central spikes has strongly annihilated by now and the
density has decreased by several orders of magnitude.
4. EARLY PARTICLE ANNIHILATION IN
SPIKES
If the DM particles are able to annihilate, then their
density will decrease with time. As was shown in [39] and
[40], the maximum DM density in a particular object at
6the present time does not exceed
ρmax ≃ m〈σannv〉t0 ≃ 9.4× 10
−15
( m
70 GeV
)
× (30)
×
( 〈σannv〉
3× 10−26 cm3s−1
)−1(
t0
1.4× 1010 years
)−1
g cm−3,
where t0 is the time elapsed since the formation of the
object. The thermal production cross section for DM par-
ticles in the early Universe 〈σannv〉 ≃ 3× 10−26 cm3 s−1
is taken as a normalization for the annihilation cross sec-
tion (see, e.g., [41]).
It follows from Fig. 3 that the density of the DM halo
for all of the PBH masses considered at small radii ex-
ceeds considerably (30). This means that the dense cen-
tral regions of the halo existed only at early epochs, while
by now the DM density in the halos around PBHs has
decreased to (30). An accurate calculation of the law of
decrease in central density due to particle annihilation
is a more complicated problem that is beyond the scope
of this paper. Particles with different orbital parameters
annihilate at each point of the density spike. Therefore,
a self-consistent allowance for the decrease in DM den-
sity simultaneously in all regions of the density spike is
needed for the calculation. Such a calculation is planned
to be performed in future works. At early times, the
annihilation-generated gamma-ray emission experienced
absorption and thermalization in the cosmic plasma. The
annihilation that continued during primordial nucleosyn-
thesis or at the reionization epoch of the Universe could
influence these processes, but the quantitative role of
this influence requires a separate study. DM annihila-
tion around PBHs is an additional factor that can lead
to chemical anomalies in the baryonic halos around PBHs
considered by [10].
Thus, DM density spikes, from which halos with a cen-
tral density ρ ∼ ρmax ∼ 10−14 g cm−3 and a decreasing
density on the periphery have been left at present, ex-
isted around PBHs. The sizes of these halos are equal in
order of magnitude to the radii of PBH influence given
by Eq. (6) at t = teq.
5. ANNIHILATION OF DARK MATTER
AROUND PBHS AT THE PRESENT EPOCH,
OBSERVATIONAL CONSTRAINTS
Consider the annihilation of DM particles in density
spikes around PBHs that are located in our Galaxy at
the present epoch. The annihilation in a spike around a
single PBH, i.e., the number of annihilated particles per
unit time
N˙ = 4π
∫
r2drρ2(r)
〈σannv〉
m2
, (31)
where the profiles obtained in Section 3 by taking into
account the early annihilation in the central part consid-
ered in Section 4 are used as the density profile in the
spike ρ(r). Thus, starting from a radius of ∼ 3rg, we
assume that ρ(r) ∼ ρmax = 10−14 g cm−3, while at large
radii, when the densities in Fig. 3 decrease to ρmax, the
profiles shown in Fig. 3 are used under the integral in
(31).
After the beginning of the dust-like stage of the Uni-
verse at t > teq, a DM halo begins to grow around the
PBH at distances r > rinfl(teq) through the mechanism
of secondary accretion [25]. Its density distribution is
ρ(r) ≃ 3× 10−21
(
r
1 pc
)−9/4(
MBH
102M⊙
)3/4
g cm−3,
(32)
with the outer boundary of (32) being determined by the
influence of ordinary inflationary density perturbations,
so that the total mass of the DM halo around the PBH
exceeds the PBH mass MBH approximately by two or-
ders of magnitude [19]. The density (32) does not exceed
the halo density at r = rinfl(teq). Therefore, the outer
halo (32) makes a minor contribution to (31), while the
central region of the halo with density (30) and the parts
of the halo adjacent to it shown in Fig. 3 make a major
contribution.
The total annihilation signal from some direction char-
acterized by the angle ψ with respect to the Galactic
center is
Jγ = 2ηpi0N˙
ΩBH
ΩmMBH
∫
dLρH(r(L)), (33)
where ΩBH is the cosmological density parameter for
PBHs with masses MBH, ηpi0 ∼ 10 is the number of pho-
tons per π0 decay, and the integration is along the line
of sight. The hadronic annihilation channel, when most
of the gamma-ray photons are emitted during the decays
of neutral pions π0 → 2γ produced by the annihilation
of DM particles, is assumed to be the main one. As the
density profile of the Galactic halo ρH(r), we use the
Navarro–Frenk–White profile [42]
ρH(r) =
ρ0
(r/Rs) (1 + r/Rs)
2
. (34)
where Rs = 20 kpc and ρ0 = 6.7× 106M⊙ kpc−3.
Let us compare (33) calculated toward the Galac-
tic anticenter ψ = π (this gives the minimum signal
and, accordingly, the most conservative constraint) with
the Fermi-LAT observational constraint from the dif-
fuse gamma-ray background Jobs(E > mpi0/2) = 1.8 ×
10−5 cm−2 s−1 sr−1 [43]. The condition Jγ < J
obs gives
an upper bound on ΩBH, which is shown in Fig. 4 to-
gether with several other known constraints on PBHs
from [4]. In particular, these are the constraints from the
Hawking radiation and microlensing and the constraint
from the overall cosmological PBH density. These con-
straints are often expressed via the fraction β of the mass
of the early Universe gone into PBHs at the time of their
formation (1). The quantity β is related to ΩBH as [4]
ΩBH ≃ 5× 1017β
(
MBH
1015 g
)−1/2
. (35)
7-15 -10 -5 0
-12
-10
-8
-6
-4
-2
0
logHM ML
lo
g
W
B
H
Figure 4. The solid curve indicates the known upper bounds
on the cosmological PBH density parameter ΩBH from Carr et
al. (2010). The dashed curve indicates the constraints based
on the DM particle annihilation effect obtained here.
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Figure 5. Same as Fig. 4 but for the fraction β of the mass of
the Universe gone into PBHs at the time of their formation.
The constraint on β following from neutralino annihila-
tion in density spikes is shown in Fig. 5.
We see from Figs. 4 and 5 that the constraint from
annihilation at MBH ≥ 10−8M⊙ gives constraints on the
number of PBHs that are several orders of magnitude
more stringent than other known constraints.
6. CONCLUSIONS
DM clumps can be produced by various mechanisms
[30]. They can be formed both from cosmological den-
sity perturbations in the dark matter itself and around
compact seed masses, for example, around cosmic strings
[44] or PBHs [19–24]. Secondary accretion, the infall and
virialization of cold DM onto PBHs, was thought to be
the main mechanism for the formation of DM clumps
around PBHs. However, we showed in this paper that
there exists another mechanism that gives rise to denser
DM clumps around PBHs than was considered in sec-
ondary accretion models.
The DM density around PBHs grows at the radiation-
dominated stage due to the presence of slow DM par-
ticles in their thermal velocity distribution. Fairly slow
particles after their kinetic decoupling are in finite or-
bits around PBHs and produce high-density DM clumps.
Considering the kinematics of particles around PBHs al-
lowed the density profile to be found. The DM parti-
cles in the central regions of clumps have managed to
annihilate by now. However, the remaining halos are
still very dense, and intense annihilation occurs in them.
This effect can be interesting for experiments on indirect
detection of DM particles though the search for their
annihilation products, because the annihilation of par-
ticles in spikes can contribute to the observed gamma-
ray emission. Comparison of the calculated signal with
the Fermi-LAT observational limits gives upper bounds
on the present-day cosmological PBH density parameter
from ΩBH ≤ 1 to ΩBH ≤ 10−8, depending on the PBH
masses at MBH ≥ 10−8M⊙. Comparable (in magnitude)
but weaker constraints ΩBH ≤ 10−4 were obtained pre-
viously in [23], where the density profile in a spike was
assumed to be ρ ∝ r−3/2.
However, it should be noted that our constraints are
largely model-dependent ones: they depend fundamen-
tally on the as yet unknown properties of DM particles.
The derived constraints refer to standard neutralinos or
to other DM particles having the properties of weakly in-
teracting massive particles (WIMPs), i.e., having masses
and annihilation cross sections comparable to them in or-
der of magnitude. For other DM particles, both the ve-
locity distribution (16) and the annihilation signals can
be significantly different. For example, if the DM parti-
cles do not annihilate at all, then the formation of a DM
density spike around PBHs is still possible, but, in this
case, there is no early annihilation and no decrease in
central density and the signals are absent in the cosmic
gamma-ray emission. The density spikes can be bright
gamma-ray sources only at certain masses and annihi-
lation cross sections of DM particles. The derived con-
straints do not refer, for example, to the models in which
the DM consists of PBHs. Nevertheless, the neutrali-
nos in nonminimal supersymmetric models so far remain
among the most probable DM candidates, and the con-
straints obtained here can hold.
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